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Abstract 
    Effect of rotation on nonlinear solutal convection during protein cystallization is 
modelled and studied computationally under both normal and microgravity conditions.  
The axis of the externally imposed rotation, which is assumed to be either parallel or anti-
parallel to the gravity vector, is assumed to be inclined at an angle γ with respect to the 
axis of the crystal.  In addition to the angle γ, the significant parameters are the solutal 
Grashof number Gr, representing the buoyancy effect and the Taylor number Ta 
representing the rotational effect.  The numerical computations for various values of the 
parameters and the gravity level indicated non-trivial competing effects, due to buoyancy, 
centrifugal and Coriolis forces, on the convective flow adjacent to the crystal interface 
and the associated solute flux.  In particular, certain regimes in (Ta,γ )-space were 
detected where the Sherwood number, representing the convective solute flux, and the 
convective effects are noticably reduced.  These results can provide conditions under 
which convective transport during the protein crystal growth approaches the diffusion 
limited transport, which may be desirable for the production of higher quality protein 
crystals. 
 
1.  Introduction 
    A large number of experiments on earth and in space involving protein crystal growth    
have been carried out in recent years and some of the space experiments under 
microgravity have been able to produce certain types of crystals that were relatively 
larger and better ordered than those grown on earth under normal (earth) gravity (1g0 –
level) condition [1-4].  The main motivation for growing protein crystals in space has 
been to achieve diffusion controlled growth condition, which was considered to produce 
higher quality crystal.  However, there have also been a number of flight experiments that 
yielded crystals with no improvement in the quality and internal order as compared to 
those grown under the normal gravity condition.  One of the main goals of the present 
investigation has been to see if presence of an external constraint of rotation imposed on 
the protein crystallization system can improve the production of higher protein crystals 
under some conditions. 
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    In regard to the rotational effects on the protein crystal growth, there have been some 
recent experiments in centrifuges [5] for growing some types of protein crystals, such as 
Uridine Phosphorylase (Uph), which indicated production of larger and higher quality 
crystals under the influence of an inclined rotational constraint, where the axis of the 
centrifuge basket carrying the reservoir containing the crystal was rotating at some 
angular velocity and at some inclination angle with respect to the centrifuge’s axis.  
Crystallization of larger size of Uph has become suitable for x-ray analysis.  In addition, 
Uph has been identified as the enzyme that is also responsible for the cleavage of some 
pyrimidine nucleoside analogs, possessing anti-tumor activity [5].  Blagova et al. [5] 
grew Uph crystals on earth under normal gravity and in the absence of rotation, in ‘Mir’ 
space station with no rotation, and on earth in an ultracentrifuge.  They compared the 
results under these three conditions and showed significant advantage of growing of Uph 
crystals under the influence of the rotational constraint applied by the centrifuge.  The 
crystals that were grown under the rotational environment had relatively large size and of 
high quality in structural uniformity and order. 
    It is known from the growth rate versus super-saturation studies that large super-
saturation is generally needed to achieve relatively large crystals.  Order of magnitude 
calculations indicate that transport of solute concentration to the protein crystal growth 
interface becomes dominated by the solutal convection after the crystal grows to a few 
tens of µm in normal gravity.  There have been a number of reports of crystals growing 
only to certain small size under the normal gravity and thereafter the crystals seem to 
resist all the attempts to force them grow further [6, 7].  This phenomenon of growth 
cessation is poorly understood at present but is thought to be due to the presence of 
solutal convection generated by the buoyancy driven flow, which can become significant 
by the presence of sizable concentration gradient at the crystal-melt interface.   
     Calculations based on tetragonal Iysozyme growth rate measurements [8, 9] predicted 
that solutal flow can exist at crystal sizes as small as 10 to 100 µm, as the minimum 
required concentration gradients are extremely small [10].  Beginning within such size 
range, the solutal convection dominates over the diffusive process.  The solutal 
convection activity transports new solute to the growth interface causing more 
inhomogeneities and non-uniformities in the produced protein crystal.  Pusey et al. [8] 
documented experimentally the existence of the solutal convection due to the density 
gradient driven flow and provided evidence showing that solutal convection may be the 
primary factor in the ‘crystal growth cessation’ phenomenon. 
    In the engineering applications, a number of studies already documented the beneficial 
effects of rotation, under some conditions, on the growth of crystals other than those for 
the proteins.  Lie et al. [11, 12] studied centrifugal pumping with applications to 
semiconductor crystal growth and silicon crystal growth in float zone process.  Riahi [13-
15] investigated asymptotically nonlinear compositional convection during alloy 
solidification in a high gravity environment and determined range of values for the 
centrifugal and Coriolis parameters under which convection may be as weak as possible 
in the vertical narrow channels called chimneys, which can exist within a mushy zone 
adjacent to the alloy crystal face.  The results of such previous investigations for the alloy 
and semiconductor crystal growth cases encouraged us to undertake the present study of 
the effect of rotation on the protein crystal growth. 
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    In regard to the computational studies of solutal convection during protein crystal 
growth, Ramachandran et al. [16] carried out numerical simulations under both normal 
and low gravity conditions in the absence of rotation.  Their numerical studies were based 
on a finite-difference scheme, and solutions were determined for both steady state and 
periodic accelerations and were used, in particular, to obtain information about conditions 
that may exist during shuttle operation in a low gravity environment.  Lee and Chernov 
[17] carried out full-scale numerical studies of transport equations around a cylindrical 
protein crystal in the absence of rotation and determined predictions of the contribution 
of the solutal convection and diffusion to mass transport. 
    The present paper investigates computationally and for the first time the effect of 
rotation on convective flow during protein crystallization in both normal and 
microgravity environments.  Due to the complexity of the present problem, which is 
compounded by the presence of the externally imposed inclined rotation, we have 
restricted our first study to the simplest case of a planar model for the protein system 
where the governing system of equations are satisfied and the effects of centrifugal, 
Coriolis and buoyancy forces are all taken into account.  This is our first study of 
convection during protein crystal growth and under the inclined rotational effect.  
Extension to fully three-dimensional case is beyond the scope of the present study but is 
planned to be carried out by the present authors in near future.  
 
2. Formulation 
    We consider a small cylindrical crystal growing in a cylindrical chamber whose axis 
coincides with that of the crystal.  We employ the modeling data used in [16] for the 
crystal, the chamber and the fluid within the chamber boundary and the crystal.  Hence, 
diameter size of the crystal is 0.1 cm, length of the height L of the crystal is 0.1 cm, 
diameter size of the chamber is 0.6 cm, length of the height of the chamber is 1 cm, and 
the crystal is suspended with its center 0.25 cm from the bottom of the chamber.  The 
values of the kinematic viscosity ν, solute diffusivity D and density ratio ∆ρ/ρ∞ ≡(ρ∞ - ρi 
)/ρ∞ , are taken [16] respectively as 0.01 cm /s, 10  cm /s and 0.01.  Here ρi is the density 
at the crystal-melt interface, which is assumed to be constant, and ρ∞ is the reference 
density of the fluid away from the crystal interface. 
    Following [16], the moving boundary of the crystal can safely be ignored since the 
crystal growth velocity is sufficiently slow.  No-slip conditions for the flow velocity are 
used on the crystal surface and on the container’s solid boundary in contact with the fluid, 
while impermeable and stress-free conditions are assumed at the top surface of the fluid, 
which is not in contact with the container’s boundary.  Additional boundary conditions 
for the solute concentration C are that C=Ci on the crystal interface and C=C∞ at the 
container’s boundary in contact with the fluid, where C∞ is assumed a constant.  As 
explained in [16], the dependence of Ci on the growth system is generally unknown, at 
present, for most of the protein growth systems, and, thus, Ci is also taken as a constant.   
Adopting Boussinesq approximation [18], the density difference ∆ρ is then directly 
proportional to the difference in the solute concentration. 
    The governing continuity and solute concentration equations are  
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     ∇.u = 0,            (1) 
                (∂/∂t +u.∇)C=D∇2C,            (2) 
where u is the velocity vector and t is the time variable.  The crystal growth system is 
assumed to be rotating at some constant angular velocity Ω about the rotation axis, which 
is assumed to be either anti-parallel or parallel with respect to the normal gravity vector.  
Figure 1 provides a planar view of the geomety of the crystal growth system and the 
planar coordinate system xoy, where the positive x-direction makes in general, an angle γ 
with respect to the rotation axis, shown with a dash-dot line, which is in the xoy-plane, 
and z-axis not shown in the figure 1, is perpendicular to the plane of xoy and has a right-
handed sense.  For 0≤γ< 90°, the rotation vector Ω is assumed to be anti-parallel to the 
normal gravity vector, while Ω is assumed to be parallel to the normal gravity vector for 
90°<γ≤180°.  The coordinate system, which is assumed embedded in the crystal growth 
system, is, thus, rotating about the rotation axis.  In the rotating coordinate system, the 
momentum equation contains terms due to inertial, pressure gradient, viscous, buoyancy, 
centrifugal and Coriolis forces.  The radius vector R shown in the figure 1 can be written 
in terms of γ, x, y and angle θ, also shown in the figure 1, as R=Rx x+Ry y, where x and y 
are unit vectors along positive x- and y-directions, 
 
Rx = -r0 sinγ+x[1-cos(γ-θ)cosγ/cosθ], Ry =r0 cosγ+y[1-cos(γ-θ)sinγ /sinθ],         (3) 
where r0 is the magnitude of r0 vector shown in the figure 1.  Denoting the rotation vector 
by Ω, the centrifugal force per unit mass Fce is then given by 
 
Fce=-Ω× Ω× R=(RxΩ2sin2γ-Ry Ω2sinγcosγ)x+(RyΩ2cos2γ-RxΩ2sinγcosγ)y=(fcxx+fcyy). (4) 
The Coriolis force per unit mass Fco is given by  
                     Fco =2u ×Ω= -2Ωwsinγx+2Ωwcosγy+2(Ωusinγ-Ωvcosγ)z,         (5) 
where u, v and w are the x, y and z components of u, respectively, and z is a unit vector 
along positive z-axis.  The buoyancy force per unit mass Fg is given by 
 
    Fg = - gcosγx+gsinγy.            (6) 
    The momentum equation can then be written in the form 
ρ∞(∂/∂t+u.∇)u =-∇P+ρ∞ ν∇2u+(ρ-ρ∞)Fg+(ρ-ρ∞)Fce+ρ∞Fco,           (7) 
where P is the pressure and the Boussinesq approximation implies that 
(ρ -ρ∞)=(∆ρ)φ, φ≡(C-C∞)/∆C, ∆C≡C∞–Ci.                                              (8) 
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    The governing equations (1)-(2) and (7)-(8) are non-dimensionalized using  L, ν/L, L2 
/ν, ∆C and ρ∞ν2/L2 as scales for length, velocity, time, solute concentration and pressure, 
respectively.  The non-dimensionalized form of the equations is then 
 
    ∇.u=0,              (9) 
      Dφ/Dt = (1/Sc)∇ φ,      D/Dt≡(∂/∂t+u.∇),         (10) 
    Du/Dt = -∇P+∇ u+S,          (11) 
where S=(Sx, Sy, Sz), 
              Sx=Ta[∆ρ/(4ρ∞)](-Rysinγ cosγ +Rx sin2γ)φ-√Ta (sinγ)w-(Gr cosγ) φ,              (12a) 
   Sy=Ta[∆ρ/(4ρ∞)](-Rx sinγ cosγ +Ry cos2γ)φ+√Ta (cosγ)w-(Gr sinγ)φ,             (12b) 
                                                     Sz =√Ta (-vcosγ+usinγ),                   (12c) 
where Sc =ν/D is the Schmidt number, which has the value of 10000.0 in the present 
study, Ta= 4Ω2L4/ν2 is the Taylor number, Gr =g(∆ρ/ρ∞)L3/ν2 is the Grashof number, 
which has the form Gr =(0.1s2/cm)g in the present study, and the ratio ∆ρ/ρ∞  in the above 
expressions has the value of 0.01 in the present study.  We shall assume g=ng0, where g0 
denotes the normal (earth) acceleration due to gravity (981.0 cm/s2) and n denotes the 
gravity level used in the present study.  For simplicity of notation all the non-dimensional 
variables, with the exception of that for solute concentration, are designated by the same 
symbols as those used for their dimensional form. 
 
3. Computational setup 
    The numerical code used in the present study is a finite-difference Navier-Stokes code 
for non-staggered Cartesian grids.  A colleague of the second author provided its original 
version.  
    Figure 2 presents crystal growth system, computational grid and the boundary 
conditions used in the simulation.  The geometry of the two-dimensional model is an 
exact replica of the one used by Ramachandran et al. [16].  The upper surface is an 
outflow boundary with zero derivatives of the concentration and the velocity.  All the 
other surfaces are no-slip walls.  On the crystal surface, φ is assumed to be constant at –1.  
The grid details are shown in the figure 2.  After doing the required sensitivity tests, a 
grid of 88×97 was used throughout the simulations, with grid lines clustered towards the 
walls.  The code uses a finite-difference scheme in two-dimensional Cartesian 
coordinates on non-staggered grid.  The convective terms were discretised using positive 
coefficient skew upwinding and for diffusive terms central differencing was used.  The 
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code was benchmarked with pure natural convection case and with the simulations in 
[16] and was found to give very satisfactory agreement.    
    The case of g=0.00001g0 is used as the baseline case for the simulation, and each case 
was run for angles of inclination of 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165 and 
180 degrees.  The parameters of interest are the maximum convective velocities Vmax in 
the system, the Sherwood number Sh, and the local velocity scale Vloc, which is defined 
as the maximum velocity in a domain of 2 non-dimensional units away from the crystal 
surface. 
 
4. Results and discussion 
    A discussion of the results obtained for the above test conditions are now presented.  
Firstly, the results for the case g=0.00001g0 are presented and discussed.  Figure 3 shows 
variations of two velocity scales Vmax and Vloc with respect to γ.  Here Vmax is the 
maximum value of the magnitude of u in the protein growth system, which is also 
referred to later as global maximum velocity, while Vloc is the maximum value of the 
magnitude of u in the region of thickness 0.2 cm adjacent to the crystal interface.  The 
general trend is that these velocity scales first increase with the angle of inclination and 
then decrease.  However, the manner of this behavior is dependent on the rotation rate.  
At zero rotation rate, the velocity peaks at 90 degrees and decreases smoothly, but if the 
rotation rate is increased, then two sets of peaks are seen, for example in the √Ta =2.0 
case two local maxima are found at 30 degrees and 135 degrees.  The global minimum 
velocities are found to be at 180 degrees.  Another observation is that the local maximum 
velocities are consistently lesser than the maximum global velocity as expected. 
    Figure 4 presents variation of the Sherwood number, which represents convective 
solute flux, with respect to γ.  The general trend is that the Sherwood number decreases 
with the angle of inclination.  For no rotation, it actually increases to a maximum at 75 
degrees whereby it decreases.  However, on increasing the rotation rate, the Sherwood 
number decreases monotonically except for high rotation case of √Ta =2.0 where there is 
a local maximum at 90 degrees.  Once again, the least Sherwood numbers are obtained at 
180 degrees for a given rotation rate. 
    The effects of rotation on the parameters of convection are next shown in Figures 5 
and 6.  Figure 5 shows the effect of rotation on Vmax (the variation of Vloc is of a similar 
nature and is not repeated).  For almost all cases, the trend is that for small values of √Ta, 
the maximum velocities decrease slightly, and then monotonically increases.  However, 
the exact variation once again varies with the angle of inclination, for example at 135 
degrees inclination, at √Ta =0.6 the velocity scale Vmax decreases by about 20% from the 
value where there is zero rotation rate.  Then again for low angles of inclination, no 
decrease is noticed and the velocities simply increase monotonically with the rotation.  
The least rotation is seen for the 180 degrees case for √Ta =0.2, although it is only about 
4% less than the zero rotation-rate value. 
    Virtually the same trend can be said of the Sherwood number trend in Figure 6, there is 
a slight decrease at rotations in the range √Ta =0.1-0.6, whereby the value shoot up with 
rotation.  The minimum value of the Sherwood number was again found at 180 degrees 
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for a rotation rate of 0.4.  As can be seen from (12), the centrifugal force can become 
more significant for Ta >1.0, while Coriolis force becomes more important for 0<Ta <1.0.  
Hence, it is proposed that the reason for the decrease in Sherwood number and velocities 
is that the Coriolis effects become dominant in this range compared to centrifugal and 
buoyancy effects, while centrifugal effects take over for higher rotation. 
    The effects of rotation demonstrated for g=0.00001g0 might have been expected to be 
repeated for the case of g=0.0001g0.  However, sharp differences are noted in the trends.  
The following will now describe the results for the case of g=0.0001g0. 
    Figure 7 provide variation of Vmax with respect to γ.  The velocities more or less 
monotonically decrease with the angle of inclination, with a sharp decrease noted till 
γ~60° (about 50% decrease) after which the decrease is about 50% less steeper.  The 
trends are more or less independent of the rotation rate.  This is to be contrasted with the 
baseline case (with lower gravity), where there was in fact an increase in the velocities till 
γ~60° and also the manner was dependent much on the rotation rate. 
    Figure 8 shows the local velocity decreases with γ.  In the baseline case, the local 
maximum velocities were consistently lesser than the global maximum velocities, 
indicating that the maximum velocities occurred away from the crystal.  However, as can 
be seen from the figure 8, beyond γ~60°, the local maximum and global maximum 
velocities are the same, indicating that the maximum velocities have come closer to the 
protein crystal. 
    Figure 9 shows the variation of the Sherwood number with γ.  Except for slight 
discrepancies at γ~30°, the Sherwood number too monotonically decreases.  However, 
the rotation rate seems to have more pronounced effect than with the maximum velocity, 
for example at γ~60°, the decrease of the Sherwood number is about 15% for an increase 
of rotation from √Ta =0.0 to 2.0.  The global minimum Sh was noted at γ~135° for √Ta 
=2.0. 
    In Figures 10 and 11 the exact variation of the velocities versus rotation rate is seen.  In 
the figure 10, the angles of inclination for 15° to 120° are shown.  In each case, the 
velocity reaches a minimum and then seems to increase.  For lower inclination, this 
minimum is achieved at lower values of √Ta, for example, for γ=15 degrees, the 
minimum is at √Ta =0.6, while minimum is at √Ta =20.0 for γ=60 degrees.  It is unclear 
to make a generalized trend, indicating a fierce competition between the various forces to 
supercede each other.  The local velocities differ from maximum velocities for lower 
angle of inclination, but thereafter they virtually coincide.  In the figure 11, the variation 
is seen only for γ=120° –180°.  Again decrease is noted for γ<150°, but for higher angles, 
the velocities increase with the rotation rate.  Figure 12 shows the variation of Sh with the 
rotation, and it is seen almost universally to decrease with rotation rate. 
    We should also note that all of our present results in the absence of rotation agreed 
well with those due to Ramachandran et al [16].  From the results above, it is seen that 
the domain of the maximum velocities is found to be minimized for the γ=180 degrees 
case.  The effect of rotation over different levels of gravity are seen in Figure 13a where 
the maximum velocity is plotted versus √Ta for g=0.0001g0, g=0.00001g0 and 
g=0.000001g0.  While it was seen earlier that rotation rate has a more pronounced role to 
play for damping the convective velocities when the rotation is inclined, for the 180-
degrees case rotation rate did not seem to provide much benefit.  It is seen, however, that 
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for the two lowest gravity cases considered (figure 13a), particular values of the rotation 
rate can minimize the velocity even at 180-degrees case by, for example, around 10% in 
the lowest gravity case considered.  The Sherwood number on the other hand has the 
opposite trend, that is, for higher gravity it shows more sensitivity to rotation rate.  This is 
borne out in Figure 13b, where the ratio Sh/Sh0 is plotted versus √Ta for different gravity 
levels.  Here Sh0 is the Sherwood number at zero rotation rate. 
    The flow visualization is provided in Figure 14(a, b).  In the figure 14a, the streamlines 
of the flow are provided for √Ta =0.1, g=0.00001g0 and various angles of inclination.  
The top three figures from left to right correspond to γ=15, 30 and 45 degrees, 
respectively.  The three figures in the second row from left to right correspond to γ=60, 
75 and 90 degrees, respectively.  The   three figures in the third row from left to right 
correspond, respectively, to γ = 105, 120 and 135 degrees.  The bottom three figures from 
left to right correspond, respectively, to γ =150, 165 and 180 degrees.  It is seen that two 
vortices are formed on either side of the crystal, which are suspected to play some role in 
determining the flow characteristics.  For γ>90°, a third vortex is formed.  These flow 
structures may explain the non-trivial nature of the variations with respect to the angle of 
inclination.  Figure 14b shows the concentration contours for 3 different rotation rates 
(√T =6.0, 10.0, 20.0) from left to right and all at γ=180° and g=0.00001g0.  This figure 
clearly shows that with rotation, the concentration contours spread out and become closer 
to what it looks like in pure conduction case [16], that is, towards Sh=1.0.  Hence, 
rotation has a definite beneficial effect in reducing the value of Sh. 
    Finally, the effect on rotation in more terrestrial gravities is discussed.  As some of our 
collected data, which were used to produce the figure 13a, indicate, rotation at γ=180 
degrees appears to increase the convective velocities for higher and higher gravity values.  
However, it was detected that the local velocity scale Vloc can decrease with increasing 
the rotation rate and such results forγ=0° and g=0.1g0 are shown in Figure 15.  Similar 
result was noted in the normal gravity case.  Here, the local velocity reduction is 
significant and this may stimulate the possibility of performing experiments on a similar 
protein crystal growth system on earth for observational aspects of the rotational effects.              
  
5. Concluding remarks 
    The results of the present study presented and discussed in the last section about effects 
of inclined rotation on solutal convection during protein crystal growth are in general 
agreements with the experiments performed by Sample and Hellawell [19, 20] for Nh4Cl 
alloy solidification under inclined rotation who found that for moderate and steady 
rotation rate, the convective flow was weakened significantly.  Our results also indicated 
that convection becomes stronger under sufficiently large rotation rate and such result is 
also in agreement with those due to Kou et al. [21] who predicted experimentally for the 
alloy solidification case. 
    As indicated earlier in this paper and can also be seen from the non-dimensional form 
of the governing equation (9)-(12), the centrifugal force dominates over the Coriolis force 
for T >1, while the Coriolis force dominates over the centrifugal force for 0<T<1.  Since 
our results indicated that convection effect is reduced noticably for T <1, we can 
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conclude that in the regime for higher quality production of the protein crystals, Coriolis 
force dominates over the centrifugal force. 
    An interesting aspect of the present results is the way the angle of inclination affects 
the solutal convection.  Within certain range controlled mostly by the Coriolis force, the   
convection effect is noticably more significant for γ in the range γ <90° as compared with 
the corresponding convection effect for γ in the range γ>90°.  Such result agrees with 
some experimental studies [22] of alloy solidification under centrifugation where Coriolis 
effect was found to have quite different types of influence on the flow depending on the 
rotation sense of the centrifuge.  Enhancement of convection was noticed if centrifuge 
rotated counter-clockwise (γ<90° here), while convection was reduced if the centrifuge 
rotated clockwise (γ>90° here). 
    Finally, it should be noted that, as explained in the introduction section, there have 
been protein crystal growth in space with no apparent improvement in the quality and 
internal order of the crystal as compared to those grown on earth.  One main problem due 
to the space condition is the dominance of the effect of soluto-capillary driven 
convection, which can affect the crystal-melt interface.  This problem is difficult to be 
examined quantitatively at present since information about surface tension and its 
variation with respect to the solute concentration is not known with accuracy for the 
protein crystal growth system.  However, currently the present authors are investigating 
the soluto-capillary driven convection under a wide range of the parameters conditions 
for the protein crystal growth system in the absence or presence of rotation.  The results 
of such study, which will be expected to be completed soon, will be reported elsewhere. 
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 Figure 1.  Planar geometry and the coordinates for the crystal growth system. 
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Figure 2.  Computational grid and boundary conditions. 
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Figure 3.  Variation of the maximum velocity (unfilled) and maximum local velocity 
(filled) (cm/s) versus angle of inclination (degrees) for different rotation rates (√Ta); 
g=0.00001g0. 
 
Figure 4.  Variation of the Sherwood number with the angle of inclination for different 
rotation rates (√Ta); g=0.00001g0. 
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Figure 5.  Variation of the maximum velocity (cm/s) versus rotation rates (√Ta) for 
different angles of inclination (degrees); g=0.0000g0. 
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Figure 6.  Variation of the Sherwood number versus rotation rates (√Ta) for different 
angles of inclination (degrees); g=0.00001g0. 
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Figure 7.  Variation of the maximum velocity (cm/s) versus angle of inclination 
(degrees) for different rotation rates (√Ta); g=0.0001g0. 
             
Figure 8.  Variation of the maximum local velocity (cm/s) versus angle of inclination 
(degrees) for different rotation rates (√Ta); g=0.0001g0. 
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Figure 9.  Variation of the Sherwood number with the angle of inclination (degrees) 
for different rotation rates (√Ta); g=0.0001g0. 
 
             
Figure 10.  Variation of the maximum velocity (unfilled) and maximum local velocity 
(filled) (cm/s) versus rotation rates (√Ta) for different angle of inclination; g=0.0001g0. 
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Figure 11.  Variation of the maximum velocity (unfilled) and maximum local velocity 
(filled) (cm/s) versus rotation rates (√Ta) for different angle of inclination; g=0.0001g0. 
 
Figure 12.  Variation of the Sherwood number versus rotation rates (√Ta) for different 
angle of inclination (degrees); g=0.0001g0. 
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Figure 13a.  Rescaled Vmax versus rotation rates (√Ta) for different gravity levels. 
 
 
 
Figure 13b.  Rescaled Sherwood number versus rotation rates (√Ta) 
for different gravity levels. 
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Figure 14a.  Streamlines for √Ta =0.1, g=0.00001g0 and various values of γ (from top left 
to right to bottom left to right) from 15 to 180 degrees at 15-degrees intervals. 
 
 
 
 
 
 
 
 
 
Figure 14b. Iso-concentrations for γ=180°, g=0.00001g0 three values of √Ta=6.0, 10.0 
and 20.0 (from left to right). 
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Figure 15.  Local velocity scale Vloc versus √Ta for γ=0° and g=0.1g0. 
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